
u n i ve r s i t y  o f  co pe n h ag e n  

Maternal intake of folate and folic acid during pregnancy and markers of male
fecundity
A population-based cohort study

Gaml-Sørensen, Anne; Brix, Nis; Høyer, Birgit Bjerre; Tøttenborg, Sandra Søgaard;
Hougaard, Karin Sørig; Bonde, Jens Peter Ellekilde; Clemmensen, Pernille Jul; Ernst,
Andreas; Arendt, Linn Håkonsen; Olsen, Sjurdur Frodi; Granström, Charlotta; Henriksen, Tine
Brink; Toft, Gunnar; Ramlau-Hansen, Cecilia Høst
Published in:
Andrology

DOI:
10.1111/andr.13364

Publication date:
2023

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY

Citation for published version (APA):
Gaml-Sørensen, A., Brix, N., Høyer, B. B., Tøttenborg, S. S., Hougaard, K. S., Bonde, J. P. E., Clemmensen, P.
J., Ernst, A., Arendt, L. H., Olsen, S. F., Granström, C., Henriksen, T. B., Toft, G., & Ramlau-Hansen, C. H.
(2023). Maternal intake of folate and folic acid during pregnancy and markers of male fecundity: A population-
based cohort study. Andrology, 11(3), 537-550. https://doi.org/10.1111/andr.13364

Download date: 23. maj. 2023

https://doi.org/10.1111/andr.13364
https://curis.ku.dk/portal/da/persons/sandra-soegaard-toettenborg(e41bc021-4f16-4854-b128-d4ea7771c666).html
https://curis.ku.dk/portal/da/persons/karin-soerig-hougaard(5b8bcf2b-ee70-4999-bcf6-93e2650d7602).html
https://curis.ku.dk/portal/da/persons/jens-peter-bonde(51baf59f-51c4-4a3a-ad40-ada6edcac800).html
https://curis.ku.dk/portal/da/persons/sjurdur-f-olsen(d5c46756-8bec-46f9-9550-2a753f6958e7).html
https://curis.ku.dk/portal/da/publications/maternal-intake-of-folate-and-folic-acid-during-pregnancy-and-markers-of-male-fecundity(a71712c4-8455-4f89-b9bd-0d560791cd1a).html
https://curis.ku.dk/portal/da/publications/maternal-intake-of-folate-and-folic-acid-during-pregnancy-and-markers-of-male-fecundity(a71712c4-8455-4f89-b9bd-0d560791cd1a).html
https://doi.org/10.1111/andr.13364


Received: 4 October 2022 Revised: 18November 2022 Accepted: 8 December 2022

DOI: 10.1111/andr.13364

OR I G I N A L A RT I C L E

Maternal intake of folate and folic acid during pregnancy and
markers of male fecundity: A population-based cohort study

AnneGaml-Sørensen1 Nis Brix1,2 Birgit Bjerre Høyer3,4

Sandra Søgaard Tøttenborg3,5 Karin Sørig Hougaard5,6

Jens Peter Ellekilde Bonde3,5 Pernille Jul Clemmensen1 Andreas Ernst1,7

Linn Håkonsen Arendt1,8 Sjurdur Frodi Olsen5,9 Charlotta Granström9

Tine Brink Henriksen10,11 Gunnar Toft12 Cecilia Høst Ramlau-Hansen1

1Department of Public Health, Research Unit for Epidemiology, Aarhus University, Aarhus C, Denmark

2Department of Clinical Genetics, Aarhus University Hospital, Aarhus N, Denmark

3Department of Occupational and EnvironmentalMedicine, Bispebjerg and Frederiksberg Hospital, University of Copenhagen, CopenhagenNV, Denmark

4Open Patient data Explorative Network, Odense University Hospital, Odense, Denmark

5Department of Public Health, University of Copenhagen, Copenhagen K, Denmark

6National Research Centre for theWorking Environment, CopenhagenOest, Denmark

7Department of Urology, Aarhus University Hospital, Aarhus N, Denmark

8Department of Obstetrics and Gynecology, Aarhus University Hospital, Aarhus N, Denmark

9Department of Epidemiology Research, Statens Serum Institut, Copenhagen S, Denmark

10Department of Clinical Medicine, Aarhus University, Aarhus C, Denmark

11Department of Paediatrics, Aarhus University Hospital, Aarhus N, Denmark

12StenoDiabetes Center Aarhus, Aarhus University Hospital, Aarhus N, Denmark

Correspondence

Anne Gaml-Sørensen, Department of Public

Health, Research Unit for Epidemiology,

Aarhus University, Bartholins Allé 2, 8000

Aarhus C, Denmark.

Email: ags@ph.au.dk

Funding information

DanishMedical Research Council,

Grant/Award Numbers: SSVF 0646,

271-08-0839/06-066023, O602-01042B,

0602-02738B; Lundbeck Foundation,

Grant/Award Numbers: R170-2014-855,

R100-A9193; the CapitalRegion of Denmark;

The Innovation FundDenmark, Grant/Award

Numbers: 0603-00294B, 09-067124; Nordea

Foundation, Grant/Award Number:

02-2013-2014; Aarhus Ideas, Grant/Award

Number: AU R9-A959-13-S804; University of

Copenhagen Strategic, Grant/Award Number:

IFSV 2012; Danish Council for Independent

Abstract

Background: Poor male fecundity is of concern, and a prenatal origin has been pro-

posed. Folate, amethyl donor involved inDNAmethylation, is essential for normal fetal

development by regulating gene expression during different periods of fetal develop-

ment. Thus, prenatal exposure to low maternal folate intake might have a programing

function of the developing reproductive organs.

Objectives: To examine the association between maternal intake of folate from diet

and folic acid from supplements during pregnancy and markers of fecundity in young

men.

Materials and methods:We conducted a follow-up study using a Danish mother–son

cohort of 787 young men born 1998–2000. Percentage differences in semen charac-

teristics, testes volume, and reproductive hormone levels were analyzed according to

total folate calculated as dietary folate equivalents from diet and supplements in mid-

pregnancy, using multivariable negative binomial regression models. Total folate was
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analyzed in quintiles, continuous per standard deviation decrease (SD: 318µg/day) and
as restricted cubic splines.

Results: Low maternal intake of total folate was associated with lower total sperm

count (−5% (95% confidence intervals [CI]: −11%; 2%)), a lower proportion of non-

progressive and immotile spermatozoa (−5% [95% CI: −8%; −3%]), and lower testes

volume (−4% [95% CI: −6%; −2%]) per SD decrease in total folate intake. Spline plots

supported these findings.

Discussion: The finding of a lower proportion of non-progressive and immotile sper-

matozoa, and hence a higher proportion of motile spermatozoa, in men of mothers

with a lower intake of total folate inmidpregnancywas surprising andmay be a chance

finding.

Conclusion: Lowermaternal intake of total folate inmidpregnancywas associatedwith

lower sperm count and lower testes volume, however, also with a lower proportion of

non-progressive and immotile spermatozoa in adultmen.Whether this actually affects

the ability to obtain a pregnancy warrants further investigation.

KEYWORDS

dietary supplement, male infertility, prenatal exposure, reproductive hormones, semen quality,
testes volume

1 INTRODUCTION

Poor male fecundity is of concern in most developed countries.1,2

About 40% of Danish men have suboptimal sperm counts, and the

tendency is similar in other Western countries.1–4 Low sperm count

is associated with low fecundity, longer time to pregnancy, and an

increase in the need of medically assisted reproduction to achieve

pregnancy.5,6 A prenatal origin of poor male fecundity has been

suggested.7,8 The exact mechanism remains to be fully elucidated, but

studies indicate an importance of fetal programming for later male

fecundity.2,9

The hypothalamic–pituitary–gonadal axis and the reproductive

organs may be programmed through DNA methylations, which

are epigenetic modifications critical for regulation of gene expres-

sion during fetal development.9,10 Folate, a water-soluble vitamin

(B9) that includes both folate in diet (mostly in green vegetables,

liver, fruit, peas, and beans) and synthetic folic acid from supple-

ments and fortified foods,11 plays a crucial role in regulating DNA

methylation during fetal development.12,13 Low prenatal exposure

to folic acid has been associated with altered DNA methylation

patterns that persist into adulthood.14 Following a series of bio-

chemical events in the folate-dependent one-carbon metabolism,

folate or folic acid ultimately results in the synthesis of the universal

methyl donor S-adenosylmethionine that supplies the methyl groups

needed for DNA methylations. The folate-dependent one-carbon

metabolism is dependent on the enzyme methylenetetrahydro-

folate reductase (MTHFR).10,13,15 Interestingly, polymorphisms

in the gene encoding the enzyme MTHFR have been associated

with male infertility, possibly through DNA hypomethylations.16–18

Moreover, methylation dysregulation of testicular DNA and during

the genesis of male germ cells may be associated with later male

infertility.16–18

Therefore, the potential association between prenatal exposure to

folate andmarkers ofmale fecunditywarrants further investigation. To

date, only one cohort study of 347 Danish men has been conducted in

this field and foundnoassociationbetweenmaternal intakeof folic acid

supplements and semen quality.19 We aimed to investigate the associ-

ation between maternal intake of total folate from diet and folic acid

from supplements during pregnancy and markers of male fecundity in

a large sample of youngmen.

2 MATERIALS AND METHODS

A sample of sons of mothers enrolled between 1998 and 2000 in the

Danish National Birth Cohort (DNBC)20 was invited to participate

in the Fetal Programming of Semen quality (FEPOS) cohort between

March 2017 and December 2019.21 In the DNBC enrolment form,

the mother provided information on intake of supplements, when

she was around 8 weeks pregnant. In the first DNBC interview, the

mother completed a comprehensive baseline questionnaire on health

and health behavior, when she was around 16 weeks pregnant. In

order for their sons to be eligible for enrolment in the FEPOS cohort,

the mothers should have provided a blood sample during pregnancy

and participated in the two pregnancy interviews in the DNBC. The

recruitment is described in detail elsewhere.21 In total, 5697adult sons

were invited of which 1058 participated (19%) in a clinical visit, deliv-

ered a semen and a blood sample, and performed self-measurement
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GAML-SØRENSEN ET AL. 539

F IGURE 1 Flowchart. Flowchart of the inclusion of study participants, the Fetal Programming of Semen quality (FEPOS) cohort, nested within
the Danish National Birth Cohort (DNBC) 1998–2019, Denmark

of their testes volume. Of these, 787 (74%) had mothers, who also

had completed a food frequency questionnaire (FFQ), when she was

around 25 weeks pregnant. Accordingly, the final study population

consisted of 787 mother–son pairs with information on both maternal

intake of folate and folic acid from the FFQ and markers of male

fecundity (Figure 1).

2.1 Exposure

The main exposure was maternal intake of total folate measured as

dietary folate equivalents (DFEs) in µg/day, which was obtained from

the FFQ answered in midpregnancy. Mothers provided information on

frequency of intake of 360 items of food and beverages and intake

of supplements.22 Based on estimated standard recipes and standard

portion sizes, folate intake from diet was extracted using the Dan-

ish food composition tables23 described in detail elsewhere.22 Folic

acid intake from supplements was extracted based on the name and

producer of the reported supplement, if any, in addition to estimated

daily dose taken of the supplements during the 4 weeks prior to com-

pletion of the questionnaire. To avoid confounding by indication, we

excluded mothers with an intake of folic acid from supplements above

1000 µg/day (<5 mothers) from the analyses, as 1000 µg/day may be

considered the upper limit for intake unless prescribed by a medical

doctor.24 Total intake of folate and folic acid for the 4-week periodwas

derived from those two sources and expressed as DFEs to account for

the increased bioavailability of folic acid (DFE= folate from diet+ folic

acid from supplements × 1.7).11 The FFQ can be found at https://www.

dnbc.dk/data-available/food-frequency-questionnaire.

Information on early pregnancy intake of supplementswas obtained

for all pregnant women in the DNBC enrolment form and used in a

subanalysis and in calculating inverse probability of selection weights.

2.2 Markers of male fecundity

Clinical visits took place at Department of Occupational and Environ-

mental Medicine at Bispebjerg Hospital in Copenhagen and Depart-

ment of Occupational Medicine at Aarhus University Hospital in

Aarhus and were conducted by one of two trained medical laboratory

technicians. The participants were asked to abstain from sexual activ-

ities for at least 2 days before collecting the sample. Semen samples

were collected at the residence (18%) or at the clinics (82%). Par-

ticipants noted the actual abstinence time and provided information

about time of sampling and potential spillage during semen sample col-

lection. Semen volume was measured by the weighing of the sample

in the pre-weighed container. The proportion of progressive, non-

progressive and immotile spermatozoa and sperm concentration was

determined manually. Total sperm count was calculated by multipli-

cation of sperm concentration and semen volume. Sperm morphology

was classified normal or abnormal according to the strict criteria.25

Percentage of spermatozoa with DNA fragmentation (DNA fragmen-

tation index [DFI]) and high-stainability DNA (HDS) was measured on

thawed semen samples using sperm chromatin structure assay (SCSA),

as described in detail in Evenson.26 This was analyzed at the Centre of

Reproductive Medicine in Malmö, Sweden. All semen quality analyses

were performed according to the World Health Organization’s rec-

ommendations from 2010,27 and methods were continuously quality

controlled andmet given standards for semen quality measures.21

Self-measurements of testes volume were performed by use of a

Prader orchidometer, a method validated by Ramlau-Hansen et al.28

We calculated and estimated associations with the average volume of

the two testes.

All analyses of reproductive hormones were conducted at the

Department of Clinical Biochemistry, Aarhus University Hospi-

tal, Denmark in non-fasting venous blood samples collected at
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the clinical examination. Testosterone (limit of detection (LOD):

0.12 nmol/L) and estradiol (LOD: 15 pmol/L)were analyzed using liquid

chromatography-tandem mass spectrometry. Sex-hormone binding

globulin (LOD: 0.350 nmol/L), follicle-stimulating hormone (FSH)

(LOD: 0.1 IU/L), and luteinizing hormone (LH) (LOD: 0.1 IU/L) were

measured using immunoassays (Cobas 8000 e602; Roche Diagnostics,

Mannheim,Germany).We imputed values below the LODsby LOD/√2

(0.1% for FSH and LH and 7.6% for estradiol). Free testosterone was

calculated using the Vermeulen formula assuming a constant albumin

concentration of 43 g/L.29

2.3 Covariates

We used knowledge from previous studies and Directed Acyclic

Graphs30 for a priori identification of potential confounders (Figure

S1).We included parental couple fecundity (measured by time to preg-

nancy and use of medically assisted reproduction), first trimester high-

est socioeconomic status of the parents, and maternal first trimester

smoking, pre-pregnancy body mass index, and age at delivery. Infor-

mation on age at delivery was obtained from the Danish Medical

Birth Registry, and the remaining covariates were obtained from the

first DNBC interview. Socioeconomic status was defined according to

occupation and level of education derived from the Danish Interna-

tional StandardClassofOccupationandEducation codes (ISCO-88and

ISCED).

2.4 Statistical analyses

Maternal intake of total folate in midpregnancy was categorized

into quintiles (lowest quintile: 105–299 µg/day, second quintile: 300–

363 µg/day, third quintile: 364–450 µg/day, fourth quintile: 451–

814 µg/day, highest quintile: 815–1718 µg/day).We estimated relative

percentage differenceswith 95% confidence intervals (CI) for all mark-

ers of male fecundity using multivariable negative binomial regression

models (STATA’s -nbreg- package) according tomaternal intake of total

folate with the highest quintile as reference. Then, to avoid intro-

ducing arbitrary cutoffs and to examine potential dose-dependency,

we fitted the linear association per standard deviation (SD) decrease

in total folate (SD: 318 µg/day). Lastly, we fitted a restricted cubic

splinewith three knots (at 10thpercentile: 258µg/day, 50thpercentile:
401 µg/day, 90th percentile: 1058 µg/day) to visualize the association

between total folate and themarkers of male fecundity.

In addition to the potential confounding factors, all models were fit-

ted with precision variables, that is, variables with an expected strong

association with the outcomes, to improve precision. Information on

the precision variables was recorded at the clinical visit. We included

abstinence time (days), place of semen sample collection (home/clinic),

and spillage of semen sample (yes/no) in models examining semen

characteristics; however, participants reporting spillage (n = 149)

were excluded from models that examined volume and total sperm

count. Interval from ejaculation to analysis (minutes) was furthermore

included in models examining motility. To ensure optimal model fit,

we modeled the percentage of non-progressive + immotile spermato-

zoa in the statistical analyses of sperm motility instead of percentage

of progressive motile sperm. Therefore, positive estimates represent

a relatively lower percentage of progressive motile spermatozoa and

negative estimates represent a relatively higher percentage of motile

spermatozoa.We included abstinence time inmodels examining testes

volume, and we included time of the day at blood sampling in models

examining reproductive hormone levels. We modeled all continuous

covariates as second-order polynomials to allow for non-linearity.

We fitted all models with selection weights based on early preg-

nancy supplement intake, the potential confounders, and region of

the invited men to consider potential selection bias because of non-

participation31 and robust standard errors to account for the use of the

weights and the clustering of siblings.

We checked all models by comparing the observed distributions

against the model-based distributions in Q–Q plots and by plotting

standardized deviance residuals against the model-based predictions.

The model fit was satisfactory. We presented all percentiles including

minimum and maximum values as pseudo percentiles that were calcu-

lated as the mean of the five values nearest to the actual percentile

because of local regulations (GDPR, Regulation (EU), 2016/679 of 25

May 2018). We conducted data management and statistical analyses

in STATA 17.0 (StataCorp, College Station, TX).

2.5 Subanalyses

Several subanalyses were conducted. We further adjusted for mater-

nal diet quality by the use of a healthy eating index to consider some

maternal healthy lifestyle.We also examined the independent effect of

folate from diet and folic acid from supplements separately, to explore

any potential separate effect. Lastly, we investigated intake of supple-

ments during early pregnancy, as early pregnancy may be considered

the most important exposure windowwith regard to male fecundity.32

The analyses are presented in the Supporting Information section.

3 RESULTS

Median midpregnancy intake of total folate in the 787 mothers of the

sons in the study populationwas 401 µg/day (range 105–1718 µg/day).
Non-participants had a similar intake of total folate (median intake:

414 µg/day). Early pregnancy intake of supplements containing folic

acid only reported in the enrolment form was also similar in partici-

pants (23%were users) and non-participants (22%were users).

Mothers with the lowest intake of total folate were more likely

to be overweight or obese and more likely to report first trimester

smoking compared to mothers with a higher intake. Mothers, who

had the highest intake of total folate, were more likely to report a

time to pregnancy of more than 12 months or medically assisted

reproduction thanmotherswith a lower intake (Table 1).Overall, smok-

ing and lower socioeconomic status of the parents was associated
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TABLE 1 Baseline characteristics

Maternal total folate intake in µg/day of dietary folate equivalents (DFEs)

Lowest quintile Second quintile Third quintile Fourth quintile Highest quintile Missing

No. % No. % No. % No. % No. % No. %

157 20 158 20 157 20 15 20 157 20

Total DFE: p50 (range) 258 (105–299) 328 (300–363) 401 (364–450) 535 (451–814) 1058 (815–1718)

Folate from diet: p50 (range) 259 (105–299) 328 (205–362) 399 (197–450) 473 (181–696) 380 (168–1107)

Folic acid from supplements: p50 (range) 0 (0–3) 0 (0–14) 0 (0–109) 0 (0–298) 400 (100–720)

Baseline characteristics

Highest social class of parents 0 0

High-grade professional 53 34 55 35 51 32 52 33 55 35

Low-grade professional 47 30 52 33 59 38 58 37 45 29

Skilled or unskilled worker 51 25 40 25 41 26 42 27 51 32

Student/economically inactive 6 4 11 7 6 4 6 4 6 4

Maternal age at delivery (years (SD)) 30.5 (3.9) 31.0 (4.7) 31.5 (3.8) 31.0 (4.3) 31.0 (3.9) <5b 1

Maternal pre-pregnancy BMI (kg/m2) 17 2

<18.5 8 5 7 4 9 6 12 8 9 6

18.5–24.9 <102b <65 119 75 123 78 <118b <75 <116b <74

25–29.9 32 20 23 15 18 11 19 12 27 17

>30 15 10 <5b <3 <5b <3 9 6 5 3

Maternal smoking first trimester (cigarettes/day) 0 0

0 116 74 124 78 125 79 125 79 122 78

1–10 31 20 >29b >18 >27b >17 27 17 28 18

>10 10 7 <5b <3 <5b <3 6 4 7 4

TTP incl. unplanned pregnancy andMAR 5 1

Unplanned pregnancy 21 13 26 16 16 10 33 21 20 13

TTP 0–5months <100b <64 <100b <64 106 68 <97b <62 85 54

TTP 6–12months 18 11 15 9 15 20 10 6 22 14

TTP> 12months orMAR 18 11 17 11 20 13 18 11 30 19

Precision variables

Abstinence time (days [SD]) 2.3 (1.6) 2.4 (1.3) 2.5 (1.4) 2.3 (1.2) 2.4 (1.9) <5b 1

Place of semen sample collection 7 1

At home 29 18 36 23 19 12 15 9 <5b <3

In the clinic <128b <82 <122b <77 <138b <88 <143b <91 <153b <97

Spillage 5 1

Yes 30 19 25 16 30 19 32 20 26 17

No <127b <81 133 84 <127b <81 <126b <80 <131b <83

Interval ejaculation—analysis (min [SD]) 51.0 (22.5) 54.0 (23.5) 50.0 (20.0) 48.5 (15.5) 48.5 (11.0) 6 1

Time at blood sample collection 6 1

Morning<12 PM 53 34 60 38 58 37 57 36 47 30

Afternoon 12–18 PM <87b <55 77 49 <82b <52 <89b <56 <92b <59

Evening> 18 PM 17 11 21 13 17 11 12 8 18 11

Note: Distribution of covariates according to quintiles of maternal intake of folate in µg/day of DFEsa in 787 participants from the FEPOS cohort, Denmark,

1998–2019. Numbers in table reported as n (%), mean (SD), or p50 (pseudo range). Percentagemay not add up because of rounding to the nearest number.

Abbreviations: BMI, body mass index; DFE, dietary folate equivalents; FEPOS, Fetal Programming of Semen quality; MAR, medically assisted reproduction;

p50, pseudomedian; SD, standard deviation; TTP, time to pregnancy.
aTotal folate intake expressed as DFEs calculated as DFE= folate from food in µg/day+ folic acid from vitamins in µg/day× 1.7.
bBecause of local data regulations, it is not allowed to report numbers smaller than five. Therefore, some numbers in the table have been rounded up or down

tomask the numbers smaller than five.
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542 GAML-SØRENSEN ET AL.

TABLE 2 Markers of male fecunditya according to quintiles of maternal intake of folate in µg/day of dietary folate equivalents (DFEs)b in 787
participants from the Fetal Programming of Semen quality (FEPOS) cohort, Denmark, 1998–2019

Maternal total folate intake in µg/day of dietary folate equivalents (DFEs)

Lowest quintile Second quintile Third quintile Fourth quintile Highest quintile Missing

No. % No. % No. % No. % No. % No. %

157 20 158 20 157 20 158 20 157 20

Semen quality characteristics

Volume (ml)d 2.5 (1.7–3.4) 2.8 (2.0–3.6) 2.7 (1.8–3.8) 3.0 (2.1–3.9) 2.7 (2.0–3.7) 149 19

Concentration (mill/ml) 35 (16–68) 40 (20–67) 39 (23–67) 37 (17–66) 41 (18–73) <5c <1

Total sperm count (mill)d 88 (38–174) 120 (46–191) 96 (55–195) 111 (52–207) 101 (46–228) 149 19

Motility (PR%)e 63 (54–74) 65 (55–74) 67 (54–76) 62 (50–74) 57 (48–69) 19 2

Morphology (% normal)e 6 (3–10) 6 (2–11) 7 (4–10) 6 (4–10) 6 (3–10) 24 3

DFI (%) 9 (6–12) 10 (7–14) 10 (7–14) 9 (6–13) 9 (6–12) 52 7

HDS (%) 10 (7–13) 10 (7–13) 9 (7–12) 9 (7–12) 9 (6–13) 52 7

Testicular volume (ml) 15 (11–20) 15 (12–20) 15 (12–20) 15 (11–20) 16 (12–20) <5c <1

Reproductive hormones

Testosterone (nmol/L) 18 (15–22) 18 (15–22) 18 (15–22) 18 (15–22) 18 (15–22) 6 1

Estradiol (pmol/L) 52 (34–71) 55 (36–76) 52 (34–76) 52 (32–75) 48 (30–67) 6 1

SHBG (nmol/L) 32 (25–40) 31 (24–40) 32 (25–42) 34 (26–42) 33 (25–41) 7 1

FSH (IU/L) 3.2 (2.4–4.6) 4.1 (2.8–5.0) 3.3 (2.4–5.2) 3.6 (2.5–5.4) 3.3 (2.3–5.2) 7 1

LH (IU/L) 5.1 (4.0–6.7) 5.2 (4.2–6.9) 5.0 (4.1–6.6) 5.4 (4.1–6.7) 5.0 (3.7–6.5) 7 1

Free testosterone (nmol/L) 0.4 (0.3–0.5) 0.4 (0.3–0.5) 0.4 (0.3–0.5) 0.4 (0.3–0.5) 0.4 (0.3–0.5) 7 1

Abbreviations: DFEs, dietary folate equivalents; DFI, DNA fragmentation index; FSH, follicle-stimulating hormone; HDS, high DNA stainability; IQR, pseudo

intra quartile range; LH, luteinizing hormone; p50, 50th pseudo percentile; PR, progressivemotility.
aReported as 50th percentile (IQR). All percentiles are pseudo percentiles calculated from the average of five values.
bTotal folate intake expressed as DFEs calculated as DFE= folate from food in µg/day+ folic acid from vitamins in µg/day× 1.7.
cBecause of local data regulations, it is not allowed to report numbers smaller than five. Therefore, some numbers in the table have been rounded up or down

tomask the numbers smaller than five.
dExcluding samples from participants reporting spillage.
eExcluding azoospermia samples.

with impaired markers of male fecundity, whereas the other identi-

fied potential confounding factors were not consistent associatedwith

markers of male fecundity. Sperm concentration and total sperm count

were slightly lower in sons exposed to the lowest quintile of total folate

in midpregnancy (Table 2).

Prenatal exposure to lowmaternal intake of total folate in midpreg-

nancy was associated with a lower total sperm count of −5% (95%

CI: −11%; 2%), a lower proportion of non-progressive and immotile

spermatozoa of −5% (95% CI: −3%; −8%), and lower testes volume

of −4% (95% CI: −6%; −2%) per SD decrease in total folate (Table 3).

Theassociationwith lower spermcountwasmost pronounced in young

men ofmothers having the lowest intake of total folate (lowest quintile

of total folate relative to highest quintile was −18% [95% CI: −35%;

2%]). The spline plots (Figure 2) overall confirmed these results; lower

maternal intake of total folate was associated with a lower propor-

tion of non-progressive and immotile spermatozoa and lower testes

volume in a dose-dependent manner (both p-values <0.01), and that

men of mothers having the lowest intake of total folate had a tendency

toward lower sperm counts (p = 0.2). Maternal intake of total folate

was also associatedwithDFI in an inverseU-shapedmanner; hence,we

observed associations with higher DFI in the second, third, and fourth

quintile relative to exposure to the fifth quintile. No consistent associ-

ations with reproductive hormone levels were observed (Table 3 and

Figure 2).

3.1 Subanalyses

The associations were overall similar when we further adjusted for

a healthy eating index (Table S1). The associations with total sperm

count, motility, and testes volume remained, when examiningmidpreg-

nancy folic acid from supplements alone (Table S2), whereas the dose-

dependent associations with a lower proportion of non-progressive

and immotile spermatozoa were not observed, when investigating

folate from diet alone (Table S3).Most baseline characteristics differed

according toearlypregnancy intakeof supplements (Table S4),whereas

crude measures of male fecundity did not (Table S5). Early pregnancy

exposures to folic acid from supplements were not associated with

markers of male fecundity (Table S6).
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GAML-SØRENSEN ET AL. 543

TABLE 3 Main analysis

nd Crude Adjusted (95%CI)

Semen characteristicse

Volume (ml)f 615 Lowest −8% −9% (−19; 4)

Second 0% −3% (−13; 8)

Third 2% −2% (−13; 10)

Fourth 7% 6% (−5; 17)

Highest 2.9ml Reference

Continuous (per SD decrease) −1% −2% (−6; 1)

Concentration (mill/ml) 752 Lowest −11% −2% (−9; 19)

Second −6% 5% (−13; 28)

Third −7% 4% (−13; 24)

Fourth −8% 4% (−14; 26)

Highest 53mill/mL Reference

Continuous (per SD decrease) −3% 1% (−5; 7)

Total sperm count (mill)f 615 Lowest −18% −18% (−35; 2)

Second −5% 1% (−19; 26)

Third −8% −8% (−25; 13)

Fourth 0% 4% (−15; 28)

Highest 154mill Reference

Continuous (per SD decrease) −6% −5% (−11; 2)

Motility (modeled as

NP+ IM%)g
734 Lowest −14% −13% (−21;−5)

Second −16% −14% (−22;−6)

Third −16% −14% (−22;−6)

Fourth −10% −9% (−16; 0)

Highest 43% Reference

Continuous (per SD decrease) −6% −5% (−8;−3)

Morphology (% normal) 732 Lowest 3% 6% (−11; 26)

Second 4% 12% (−7; 33)

Third 3% 9% (−7; 28)

Fourth 0% 1% (−14; 18)

Highest 6.7% Reference

Continuous (per SD decrease) 1% 3% (−2; 9)

DFI (%) 703 Lowest 5% 1% (−11; 16)

Second 14% 16% (1; 32)

Third 16% 17% (3; 33)

Fourth 10% 19% (2; 38)

Highest 9.7% Reference

Continuous (1-SD) 3% 3% (−1; 7)

HDS (%) 703 Lowest 8% 6% (−7; 20)

Second 10% 5% (−9; 20)

Third 2% 2% (−10; 15)

Fourth 3% 2% (−11; 17)

Highest 9.8% Reference

Continuous (per SD decrease) 2% 1% (−3; 6)

(Continues)
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544 GAML-SØRENSEN ET AL.

TABLE 3 (Continued)

nd Crude Adjusted (95%CI)

Testicular volumeh

Average testicular volume (ml) 758 Lowest −9% −10% (−16;−3)

Second 8% −11% (−17;−5)

Third 4% −7% (−13; 1)

Fourth 6% −8% (−15;−1)

Highest 17ml Reference

Continuous (per SD decrease) −3% −4% (−6;−2)

Reproductive hormonesi

Testosterone (nmol/L) 758 Lowest −1% −2% (−8; 5)

Second −2% −4% (−10; 3)

Third −1% −3% (−10; 4)

Fourth −1% −3% (−9; 4)

Highest

18.8nmol/L

Reference

Continuous (per SD decrease) −1% −1% (−3; 1)

Estradiol (pmol/L) 758 Lowest 7% 6% (−6; 20)

Second 12% 13% (0; 27)

Third 8% 10% (−2; 24)

Fourth 6% 5% (−8; 19)

Highest

51.5pmol/L

Reference

Continuous (per SD decrease) 3% 3% (0; 7)

SHBG (nmol/L) 757 Lowest −4% −4% (−12; 4)

Second −3% −6% (−14; 2)

Third 1% −3% (−11; 7)

Fourth 1% −1% (−9; 8)

Highest

34.8nmol/L

Reference

Continuous (per SD decrease) −2% −2% (−5; 0)

FSH (IU/L) 757 Lowest −6% −3% (−16; 12)

Second 7% 8% (−6; 24)

Third 0% −4% (−18; 11)

Fourth 8% 9% (−11; 34)

Highest 4.1 IU/L Reference

Continuous (per SD decrease) 0% 0% (−4; 5)

LH (IU/L) 757 Lowest 3% 2% (−7; 11)

Second 9% 10% (1; 20)

Third 6% 5% (−4; 15)

Fourth 12% 10% (−2; 24)

Highest 5.2 IU/L Reference

Continuous (per SD decrease) 3% 2% (0; 5)

(Continues)

 20472927, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/andr.13364 by D

et K
ongelige, W

iley O
nline L

ibrary on [16/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



GAML-SØRENSEN ET AL. 545

TABLE 3 (Continued)

nd Crude Adjusted (95%CI)

Free testosterone (nmol/L) 757 Lowest 0% 1% (−7; 6)

Second 0% −1% (−7; 5)

Third −2% −3% (−9; 3)

Fourth −1% −3% (−10; 4)

Highest 0.4 nmol/L Reference

Continuous (per SD decrease) 0% −1% (−3; 2)

Note: Crude and adjusteda (95%CI) relative percentage differences in markers of male fecundity according to prenatal exposure to folate in µg/day of DFEsb
and per standard deviation decreasec in 787 participants from the FEPOS cohort, Denmark, 1998–2019.

Abbreviations: BMI, bodymass index; CI, confidence intervals; DFE, dietary folate equivalents; DFI, DNA fragmentation index; FEPOS, Fetal Programming of

Semenquality; FSH, Follicle-stimulating hormone;HDS,HighDNAstainability; IM, Immotile; LH, Luteinizing hormone;MAR,medically assisted reproduction;

NP, non-progressivemotility; SD, standard deviation; SHBG, sex-hormone binding globulin; TTP, time to pregnancy.
aAdjusted for maternal age at delivery, highest parental social class, maternal 1. Trimester smoking, maternal pre-pregnancy BMI, TTP includingMAR.
bTotal folate intake expressed as DFEs calculated as DFE= folate from food in µg/day+ folic acid from vitamins in µg/day× 1.7.
cSD= 318 µg/day.
dThe numbers are from the adjusted model and vary because of the exclusion of azoospermia semen samples and because of potential missingness on

covariates.
eFurther adjusted for abstinence time, spillage and place of semen sample collection.
fExcluding samples with spillage.
gFurther adjusted for interval from ejaculation to analysis of motility. Estimates represent the relative difference in the proportion of non-progressive and

immotile spermatozoa. Therefore, positive estimates should be interpreted as a relatively lower progressivemotility and vice versa.
hFurther adjusted for abstinence time.
iFurther adjusted for time of blood sample drawing.

F IGURE 2 Spline plots of the association between prenatal exposure tomaternal intake of total folate in midpregnancy andmarkers of male
fecundity. Restricted cubic spline plots (three knots at 10th percentile: 258 µg/day, 50th percentile: 401 µg/day, 90th percentile: 1058 µg/day) of
markers of male fecundity according to prenatal exposure tomaternal intake of total folate in dietary equivalents (DFEs) in µg/day assessed in
midpregnancy (solid lines) with 95% confidence intervals (dotted lines). The estimatedmeasures are presented for a reference son, whose parents
had a waiting time to pregnancy of 1–5months, andwhose parents’ highest social class was a high-grade professional, whosemother was 30 years
at the delivery, was normal weight, andwas a non-smoker. The reference son had an abstinence time of 2.5 days, delivered his semen sample at the
clinic, did not report any spillage of the semen sample, had his motility assessment performed 30min after ejaculation, and had blood drawn for
assessment of reproductive hormone levels from 12 to 18 PM Abbreviations: FSH, follicle-stimulating hormone; IM, immotile motility; LH,
luteinizing hormone; NP, non-progressive motility; SHBG, sex-hormone binding globulin.
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546 GAML-SØRENSEN ET AL.

F IGURE 2 Continued

4 DISCUSSION

4.1 Key results

In young men, lower maternal intake of total folate in midpreg-

nancy was associated with lower total sperm count, a lower propor-

tion of non-progressive and immotile spermatozoa, and lower testes

volume.

4.2 Strengths and limitations

The major strengths of this study included the longitudinal design,

that is, information on maternal intake of total folate was obtained

in pregnancy, and the use of quality controlled and valid measures

of male fecundity was measured around 19 years later. We adjusted

for a number of potential confounding factors in addition to preci-

sion variables. Although the participation ratewas low (19%), potential
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GAML-SØRENSEN ET AL. 547

selection bias because of non-participation in the FEPOS cohort is not

considered to be of concern.33 In addition, participation was unrelated

to maternal intake of total folate, and we further considered poten-

tial selection bias because of loss-to-follow-up by applying inverse

probability weights.31 We therefore consider the risk of selection bias

limited.

Information on total folate intake was obtained from an FFQ. This

implies a risk of information bias because of errors in maternal self-

reporting of intake of diet and supplements, and in the calculation of

folate content. However, the use of the DNBC FFQ to assess total

folate has been found to be valid, because folate intake assessed as

DFEs and erythrocyte folic acid, a biomarker of long-term total folate

intake, was correlated (Spearman correlation coefficient was 0.55

[p < 0.0001]).34 The measurement errors are further expected to be

non-differential and independent on themarkers ofmale fecundity and

therefore not likely to explain the observed associations.

Markers of male fecundity may also be subject to measurement

errors. However, this is also most likely non-differential and indepen-

dent of maternal intake of total folate. The measurements of semen

characteristics and reproductive hormone levels were performed by

skilled laboratory technicians blinded to the participants’ exposure sta-

tus, andwere continuously quality-controlled andmet given standards

for semen analyses.21 The within individual variation in semen qual-

ity may not introduce any systematic errors.35 The participants have

probably not under or overestimated their testes volume according to

the exposure status.28 Finally, we considered the daily fluctuations in

reproductive hormone levels by adjusting for time a day of blood draw

in the analyses.

Confounding is an inherent risk in observational studies. Although

we adjusted for a number of potential confounding factors, residual

confounding may still affect the observed results. However, further

adjustment for thequality ofmaternal diet inmidpregnancy,whichmay

capture some unmeasured maternal healthy lifestyle, overall did not

change the results, suggesting limited confounding by maternal diet

quality.

4.3 Interpretation

Prenatal exposure to folate may epigenetically program the fetus

and affect long-term health, including reproductive health. We found

that low maternal intake of total folate was associated with lower

testes volume, which may be explained by folate’s crucial role in the

biosynthesis of nucleotides, the rate of cell divisions, gene expres-

sion through aberrant DNA methylations, and, hence, growth.13 The

current understanding of folate’s role in fetal programming is not

fully elucidated; therefore, the finding of a lower proportion of non-

progressive and immotile spermatozoa and the apparent inverse U-

shaped association for DFI was surprising and may represent chance

findings.

Although we hypothesized that maternal folate may affect male

fecundity via changes in DNA methylations, we were unable to

specifically assess this in our study. Folate displays anti-oxidative

properties,36 and it is also possible that maternal folate intake may

protect against harmful effects of environmental exposures on mark-

ers of male fecundity.37 For example, a study in rats showed that the

harmful effects of prenatal exposure to persistent organic pollutants

on male reproductive function were mitigated by maternal folic acid

supplement during pregnancy.37

Concern has been raised that high exposure to folic acid, not nat-

urally occurring folate from the diet, may be associated with some

adverse effects in the offspring, such as hypersensitivity outcomes.38

Therefore, we further examined the separate effect of folic acid from

supplements and folate from the diet on the markers of male fecun-

dity. Interestingly, we did not observe associations with motility, when

only examining maternal intake of folate from diet, whereas we found

associations between a higher maternal intake of folic acid from sup-

plements and a higher proportion of non-progressive and immotile

spermatozoa (Supporting Information). Whether our findings suggest

a potential adverse effect of folic acid on sperm motility should be

further investigated.

Only one previous study has investigated the association between

maternal folate intake and markers of male fecundity and found no

associations.19 In the study, the pregnantwomenprovided information

on intake of folic acid at 36 gestational weeks. More than half of the

pregnant women (53%) had missing information on intake of folic acid.

Moreover, they provided no information on dose, frequency or dura-

tionof intakeof folic acid, or intakeof folate fromthediet. Similar toour

subanalysis of early pregnancy intake of supplementation (Supporting

Information), these exposure groups are likely very crude measures of

actual fetal exposure to folic acid. This offers a potential explanation of

the null findings.19

The use of a reliable biomarker of total folate, such as erythrocyte-

folate, should be considered in future studies. Moreover, to pro-

mote causal interpretation, Mendelian randomization studies, using

genetic information to predict circulating concentrations of total folate

exposure, would strengthen the confidence in the results by reducing

the risk of potential exposure-outcome confounding.39

Maternal intake of folic acid supplements during second and third

pregnancy trimesters has been associated with altered DNA methyla-

tion patterns that persist into adulthood.14 However, early pregnancy,

where the reproductive organs develop, may constitute a crucial expo-

sure window for low folate exposure with regard to markers of male

fecundity.32 We investigated this in a subanalysis only, as we did not

have any information on dose or duration or frequency of intake and

the exposure categories were therefore very crudemeasures of actual

fetal exposure to folic acid. We found no associations between mater-

nal intake of dietary supplements andmarkers of fecundity (Supporting

Information).

A dietary supplementation of 400 µg folic acid per day prior to con-
ception and in early pregnancy is recommended to reduce the risk

of neural tube defects.40 In our study population, 15% (n = 120) of

the women had an intake from supplements of 400 µg/day, when they
were asked in mid pregnancy; however, we had no information on

compliance in the periconceptional period. During pregnancy, intake

of total folate should be at least 500–600 µg/day from diet and from
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548 GAML-SØRENSEN ET AL.

supplements.11,15,41 Only 267 mothers (34%) in our study population

had an intake of total folate of more than 500 µg/day inmid pregnancy.

Despite this low compliance, food fortification with folic acid is not

mandatory in Denmark or in most of the European Union, as opposed

to countries such as Canada, USA, and UK.38 Because of differences

in bioavailability of folic acid from supplements and fortified food and

folate from diet as well as differences in dietary sources providing folic

acid from fortified foods (flour, rice, pasta, and cereal products) and

folate from diet (leafy green vegetables, fruit and fruit juice, peas, and

beans),11 our results may generalize to other populations, where food

fortification is not mandatory.

In conclusion, maternal intake of total folate may influence male

reproductive health, as we observed associations with total sperm

count, motility, and testes volume. The results were ambiguous, as we

found signals of both potential lower fecundity in some markers and

higher fecundity in other markers of male fecundity. This warrants

further investigation. Regardless, pregnant women should still follow

the current recommendations on folate intake, because of the well-

established benefits for children’s health following maternal intake of

sufficient folate in the periconceptional period.
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